Abstract: A slot micro/nano optical fiber with elliptical low-index core, referred to as the elliptical-slot micro/nano fiber (ESMNF), is studied systematically in great detail in this paper. It is demonstrated that the ESMNF can confine most of the light in the low-index region and hence lead to large field enhancement. Benefiting from the large low-index power confinement factor and the field enhancement, the ESMNF also yields significant nonlinearity enhancement by the proper selection of materials. In addition, large birefringence between the two fundamental polarized modes is observed, due to the breakage of the circular symmetry for the core. The nonlinearity and low-index confinement properties of a more practical elliptical-slot embedded suspended microstructure fiber are also studied.
Introduction
A conventional optical fiber confines the optical fields in its high-index core. As the index difference between the core and the cladding is normally small, the optical confinement is relatively weak. In the past decade, a variety of micro/nano fibers (MNFs) with the subwavelength cores have attracted much attention and were studied both theoretically and experimentally [1] - [10] . The MNFs are featured by their subwavelength dimensions for the optical confinement, which result in many novel properties such as the small field diameters, strong field enhancement factors, significant birefringence, and interesting waveguide dispersions [4] . For this reason, MNFs have a potential to be used in different applications such as coil resonators [11] , [12] , sensing [13] , nonlinear signal processing, [14] and polarization-related applications [15] - [18] , where the conventional optical fibers are lacking.
On the other hand, there has been a keen interest in the research community for optical confinement in the low refractive index core of the waveguide. Good examples such optical fibers include photonic crystal fiber [19] , [20] , in which the refractive index varies periodically as a function of the position, and slot waveguides [21] - [24] , which utilize the strong coupling due to the field discontinuities. It is a natural thought to combine the conceptions of photonic crystal and the slot waveguide to take their full advantages. Photonic crystal fibers with small central holes have been introduced and studied to obtain a higher enhancement factor in the low-index core region [25] , [26] , and the recently reported diameter of the central hole realized in the photonic crystal fiber structure is around 40 nm [26] . The combination of slot waveguides and the MNFs has also been proposed recently to improve the confinement of the light inside the low-index core [27] - [29] . One approach is implemented through a low-index central hole on the high-index contrast MNF so that the HE11 mode is well confined inside the low-index core [28] . Another method to confine light in the lowindex region is through introduction of a low-index ring region in the MNF so that the TM01 mode is confined inside the interested region [29] . Comparing these two approaches, MNFs with low-index central hole have the merits of easy fabrication. However, there are two problems: First, the central hole must be small enough to obtain a high field enhancement, which compromises filled confinement factor. Second, the circular symmetry structure makes the two fundamental modes degenerated, which make this structure unsuitable for polarization-related applications in which large birefringence between x and y polarization modes is needed. The MNFs with rectangular low-index core have been proposed to overcome the birefringence drawbacks [18] ; however, the fabrication of this slot in MNFs is difficult.
In this paper, the idea of elliptical holes, popular in the design of photonic crystal fibers [30] - [32] , is introduced to MNFs structures and its characteristics are studied in a comprehensive and systematic fashion. The cross section of the slot MNF (see Fig. 1 ) consists of a low-index central core ðn l Þ of elliptical shape embedded in a circular high refractive index ðn h Þ dielectric core surrounded by a infinite low refractive index ðn cl Þ cladding. For simplicity, the cladding of the MNF is supposed to be air, and the radius of the MNF is represented by R and the lengths of major and minor semi-axes of the ellipse are noted by a and b, respectively. The properties of this type of elliptical-slot MNF (ESMNF) fully depend on the structure parameters: R; a; b; n h , and n l .
In Section 2, the general mode properties of the ESMNF are studied in detail. The confinement efficiency in the low-index slot and the field enhancement is shown in Section 3. Sections 4 and 5 give the details of the birefringence and the nonlinearity of the proposed MNF, respectively. A suspended microstructured optical fiber (MOF) with elliptical central slot is introduced in Section 6, and the conclusions of the paper are given in Section 7.
Modal Properties of ESMNF
We first choose the silica ðSiO 2 Þ as the high-index material and the low-index material is air. Refractive indices of SiO 2 at different wavelengths can be obtained from the Sellmeier formula [6] 
where the unit of is m. The modes of the SiO 2 -air ESMNF are calculated by commercial finite-element solver COMSOL Multiphysics. Fig. 2(a) shows the mode indices of the SiO 2 -air ESMNF at the wavelength of ¼ 1:55 m. The other parameters are given as follows: the minor semi-axes are set to be b ¼ 0:04 m and the major semi-axes (a) vary with the radius (R) of the ESMNF while the ratio of a=R keeps unchanged to 0.7. For comparison, we also calculate the mode indices of the solid-core SiO 2 MNF as shown in Fig. 2(b) . From these two figures, it is observed that the radius for the SiO 2 -air ESMNF to be a single-mode waveguide is R ¼ 0:58 m, while that for the solid SiO 2 MNF is R ¼ 0:57 m. This difference can be explained as the air hole lowers the effective material index of the core of ESMNF. It is also noted from Fig. 2 (a) that the two fundamental modes are no longer degenerate due to the break of circular symmetry by the elliptical slot. Further, it is observed that the mode indices of the fundamental modes (both x and y polarization) are lower than that of the solid SiO 2 MNF with same radius because more fields are confined inside the low-index region, i.e., the central elliptical low-index slot. To detail the mode profiles of the fundamental modes, electrical field (E x and E y ) distributions for both x and y polarization modes of a SiO 2 -air ESMNF (R ¼ 0:5 m, b ¼ 0:04 m, and a ¼ 0:35 m) are calculated and shown in Fig. 3 . For the x polarization mode, the main electrical component E x is discontinuous along x -direction. On the other hand, E y of the y polarization mode is discontinuous along y -direction. Judging from the dimension difference of the elliptical slot on the x -and y -directions, E x of the x polarization mode is strongly enhanced in the lowindex region, while the field enhancement of E y of the y polarization mode in the low-index region is barely observed, as indicated in Fig. 4 . This difference of the field confinement also gives rise to the difference of modal indices of the x and y polarization modes: modal indices of the x polarization are always lower than that of the y polarization, which can be seen from Fig. 2(a) . In this paper, we will focus on the x polarization, and all discussions and conclusions are for x polarization mode except the discussion for the birefringence case. For the x polarization, Fig. 2 (c) gives two dispersion curves of different SiO 2 -air ESMNFs. The proposed fiber can have both flatten and sharp dispersion curve around telecommunication band. However, we must point out that the SiO 2 -air ESMNFs with broadband flatten dispersion curves have multimodes.
Confinement and Field Enhancement in Low Refractive Index Core
Here, we define two confinement factors 1 and 2, indicating the fraction of light being confined inside the low-index elliptical slot and the entire core, respectively [23] 
The variations of 1 and 2 of SiO 2 -air ESMNF with the changing of R and b for a=R ¼ 0:7 are shown in Fig. 5 the white lines in Fig. 5 ), the largest value of 1 is still about 17% and the corresponding value of 2 is about 70%.
Next, R is set to 0.55 m as an example to show the changing of 1 and 2 with the variations of the size of elliptical air slot, since with this condition the ESMNF only has fundamental modes. It is seen from Fig. 6 that 1 increases while 2 decreases with the increasing of both a and b. So there is a balance between 1 and 2 and we should choose proper parameters according to the practical applications. The value of 1 can be as large as 22% [see Fig. 6(a) ], which is almost the limit that all types of SiO 2 -air MNFs can obtain.
The field enhancement property of the ESMNF is investigated by comparing the average optical intensity in low refractive index region (slot) and that in the high refractive index region (the core 
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Slot MNF With Elliptical Low-Index Core except the slot) [21] , [29] . We define the average optical intensity in the low region as
where P L and S L are the power flow in the low-index slot and the area of the slot, respectively. Similarly, the average optical intensity in the high-index region is defined as I H ¼ P H =S H , where P H and S H are the power flow in the high refractive index region and the area of the high refractive index region, respectively. The intensity ratio of 1 ¼ I L =I H is used to evaluate the enhancement of the optical intensity in low-index elliptical-slot region. Fig. 7(a) shows the variations of 1 with the changing of size of low-index elliptical slot of the SiO 2 -air ESMNF at R ¼ 0:55 m. It is observed that the value of 1 inversely increase with the size of the low-index slot and the peak value is around 3.5. To evaluate the optical intensity enhancement in the low-index slot for ESMNF with the solid-core MNF, we define 2 ¼ I slot =I solid in which I slot is the optical intensity of the low refractive index region for the ESMNF, and I solid is that of the same region for the hole-free solid-core MNF [28] . The changing of 2 with the changing of size parameters is shown in Fig. 7(b) . It can be seen from Fig. 7 (b) that the optical intensity in the low-index elliptical slot for the SiO 2 -air ESMNF is larger than that in the same area in the solid-core SiO 2 MNF when the minor semi-axes b is smaller than 100 nm. The peak value of the 2 is about 1.6 for the SiO 2 -air ESMNF.
To compare with the MNF with circular air hole, we calculate the low-index confinement efficiency 1 [see Fig. 8(a) ] and the light-enhanced parameter 2 [see Fig. 8(b) ] using the same structure and materials as in [28] . The high refractive index material is F2 glass with n h ¼ 1:61 and the low-index material is air with n l ¼ 1. The radius of the F2-air ESMNF is set to be R ¼ 200 nm and the wavelength of light is ¼ 632 nm. From Fig. 8(b) , the field enhancement ð 2 9 1Þ occurs when b is smaller than 40 nm. Also, it is noted that we may have high optical intensity enhancement as well as high low-index confinement efficiency simultaneously: for F2-air ESMNF, we may have 2 ¼ 1:3 and 1 ¼ 15% for b ¼ 0:025 m and a ¼ 0:15 m; however, for a circular hole F2 MNF with a ¼ b ¼ 0:025 m, the low-index confinement efficiency is about 5%. The improvement of confinement is important for nonlinear enhancement applications in which the lowindex material is always chosen as high nonlinear material. This benefit will be seen clearly in Section 5 of this paper.
Birefringence
Generally, the birefringence MNFs can be grouped into two categories: the first type is realized by solid-core wire with elliptical or near rectangular shape in cross profile [15] , [16] ; the second type is a circular micro-wire with open up rectangular or V-groove low-index slot [18] . The fabrication of the elliptical solid-core MNF (EMNF) is relatively easier than the open up slot MNF in that the fabrication of the second one involves complicated lithography techniques. Here, we will show that the ESMNF can generate a large birefringence with the same principle as the open up slot fiber, however by relatively easier fabrication techniques.
The variations of birefringence ðÁnÞ with the changing of size parameters for a SiO 2 -air ESMNF are shown in Fig. 9 . It is observed that, in the single-mode region, the peak value of Án always occurs when a, b, and R are all large: for a=R ¼ 0:7 [ Fig. 9(a) ], the peak value of Án is about 0.027; for a=R ¼ 0:9, the peak value of Án is about 0.034. It should be noted that the value of Án achieves the highest peak when the radius of the MNF is around 0.7 m, which is beyond the single-mode region.
It has been reported that the EMNF shown in Fig. 10(a) can generate high birefringence [15] . It is predicted that the structure combining the elliptical core and elliptical low-index slot [see Fig. 10(b) ] will give further enhancement of the birefringence of MNF. We name the latter structure as ellipticalslot elliptical MNF (ESEMNF). The birefringence of the elliptical SiO 2 EMNF is shown in Fig. 10(c) . From the figure, it is seen that maxðÁnÞ ¼ 0:03 for the structure with R b =R a ¼ 0:7 and maxðÁnÞ ¼ 0:01 for the structure R b =R a ¼ 0:9. This fact indicates that the larger the ellipticity is, the higher the birefringence is. Second, the birefringence of the SiO 2 -air ESEMNF [see Fig. 10(b) ] are calculated and shown in Fig. 11 . The ratio of a=R ¼ 0:7 is unchanged. For the structure with a=R ¼ 0:7 and R b =R a ¼ 0:9, the largest birefringence in the single-mode region is about 0.034 (ESMNF with circular cross section is about 0.027, the birefringence of the EMNF is 0.01). For the structure with a=R ¼ 0:7 and R b =R a ¼ 0:7, maxðÁnÞ ¼ 0:048, which is also higher than that of the ESMNF and that of the EMNF [about 0.03, shown as triangle marked blue line in Fig. 10(c) ]. Based on the observations, we conclude that the introduction of low-index slot into the solid elliptical wire is effective on enhancing the birefringence of MNF. However, it is worth noting that the limit of the birefringence that can be generated by the SiO 2 MNF is about 0.05 [15] , which is determined by the index difference between the high-and low-index materials.
Enhancement of the Nonlinearity
To study the nonlinear properties of the slot MNF, we first define the nonlinearity coefficient as follows [33] :
where n 2eff is the effective nonlinear refractive index and A eff is the effective area of the mode field. n 2eff is related to the nonlinear index distribution of the MNF, n 2 ðx ; y Þ, and can be define as [33] 
and A eff is [24] , [33] 
The materials of the ESMNF should be selected carefully [29] . Here, we choose a liquid-filled structure [34] - [36] to study the nonlinear property of the ESMNF. The high-index material is Bi Silicate glass with refractive index n h ¼ 2:02 and nonlinear refractive index n 2 ¼ 3:2 Â 10 À19 m 2 =W. The low-index material is CS 2 with index n l ¼ 1:587 and nonlinear index n 2 ¼ 3:2 Â 10 À18 m 2 =W. This type of configuration satisfies all the requirements for the nonlinear enhancement: the central slot has lower index and higher nonlinear coefficient than those of the surrounding material.
The changing of A eff , n 2eff , and for a=R ¼ 0:7 with the variation of the other structure parameters of Bi-CS2 ESMNFs are shown in Fig. 12(a)-(c) , respectively, and the changing of A eff , n 2eff , and for a=R ¼ 0:9 with the variation of the other structure parameters of Bi-CS 2 ESMNFs are shown in Fig. 12(d)-(f) , respectively. From Fig. 12(a) and (b), we can see that the smaller the value of b is, the smaller the mode area A eff is. For the effective nonlinear refractive index n 2eff [see Fig. 12(b) and (e)], the larger the value of b is, the larger the value of n 2eff is. Since the nonlinearity coefficient is proportional to n 2eff and inversely proportional to a eff , maxðÞ happens when R is around 0.43 m and b is around 0.065 m as shown in Fig. 12(c) and (f) . The largest value of is about 12 000 W À1 km
À1
for the structure with a=R ¼ 0:7 and is about 13 500 W À1 km À1 for the structure with a=R ¼ 0:9, which reveals that increases with the size of elliptical high nonlinear slot. In both cases ða=R ¼ 0:7; 0:9Þ, are much higher than that of the suspended core Bi MOF filled with CS 2 studied in [36] .
To study the nonlinear enhancement properties of the ESMNF, we also calculate the nonlinear coefficients of two other types of MNF for comparison. The first type is a Bi glass solid-core MNF with refractive index 2.02 and nonlinear index n 2 ¼ 3:2 Â 10 À19 m 2 =W. From Fig. 13 , minðA eff Þ is about 0.62 m 2 and maxðÞ is about 1900 W À1 km À1 . The second type of MNF is similar to the Bi-CS 2 ESMNF with the difference that the refractive index of the central slot is not 1.587 but is as same as that of Bi glass. Fig. 14 shows the properties of this type of MNF with a=R ¼ 0:7. From Fig. 14(a) , the effective mode area A eff is unchanged with The maxðÞ is about 9500 W À1 km À1 for this type of MNF. However, this value is still smaller than that of the real Bi-CS 2 ESMNF (12 000 W À1 km À1 ). This fact indicates that the low-index slot can further enhance the nonlinearity of the MNF. The high nonlinearity of the ESMNF is caused by both high nonlinear refractive index and light enhancement in the low-index slot. Consequently, high confinement efficiency (means more high nonlinear materials) and high field enhancement (means more fields) are both important for nonlinearity related application for ESMNF. ESMNF has some advantages comparing with the circular central hole MNF for that the ESMNF can get high field enhancement and high low-index confinement efficiency simultaneously.
Suspended MOF with Low-Index Elliptical Slot
For the practical applications, the conventional MNFs studied above have some limitations: they are fragile and they are exposed to the environment [26] , [37] . As an alternative, the suspended structure [36] - [40] is a good solution. Here, we study an elliptical slot suspended MOF briefly. The number of veins of the suspended MOF could be three [36] - [39] , four [40] , or other numbers. Here, we take a four-vein suspended structure as example (see Fig. 15 ). For simplicity, we still use Bi glass and CS 2 as the high-and low-index materials. The other parameters are listed as follows: R ¼ 600 nm, W ¼ 200 nm, and R1 ¼ 500 nm. The calculated characteristics of the x polarization mode as a function of geometry of the CS 2 -filled elliptical slot are shown in Fig. 16 . It is shown that more than 25% of the light can be confined in the low-index CS 2 region as shown in Fig. 16(a . The suspended slot MOF still have similar birefringence properties comparing with the conventional ESMNF as shown in Fig. 16(e) , in which the SiO 2 -air elliptical slot suspended MOF is taken into account. The largest value of birefringence ðÁnÞ is about 0.02 for the suspended slot MOF with R ¼ 1:2 m and can be even higher by optimizing the structures. Although the suspended structure sacrifices with the lowindex confinement, the nonlinear enhancement, and low birefringence comparing with the conventional ESMNF, it takes the advantages such as easy handle in practice and avoiding contamination. 
Conclusion
In conclusion, the ESMNF is studied thoroughly in this paper. The introduction of a low-index elliptical slot in a MNF cannot only enhance the field in the slot region but can also enhance the nonlinearity of the MNF if the slot filled with a high nonlinear refractive index material. Comparing with the circular low-index hole MNF, improved enhancements (field and nonlinearity) have been observed. In addition, the elliptical slot breaks the symmetry of the MNF and gives rise to high birefringence. A more practical structure with suspended core has been proposed without compromise notable confinement efficiency and high nonlinearity. The proposed MNF has potential applications for nonlinear signal processing, polarization maintaining, sensing, etc.
